The implementation of passive controls in the urban environment is a current approach to protect 11 human health by manipulating natural air flow patterns [17] . Previous research identified common 12 physical urban features such as solid free standing walls [18] , trees [19] or on-street parked cars [20] 13 that act as baffle plates, disrupting the normal distribution of air pollutants when located in street pollutant dispersion in a typical street canyon using CFD and wind tunnel models. Overall, these 1 studies concluded that the in-canyon air quality can be significantly altered by avenue-like tree 2 planting in a canyon with a H/W of 1, which found an increase in concentrations at the leeward wall 3 and a moderate pollutant concentration decrease near the windward wall during perpendicular wind 4 conditions [19, 24] . These studies highlighted the H/W ratio as the crucial parameter of pollutant 5 dispersion compared to the density or porosity of the trees. The most recent research of passive 6 controls assessed the capabilities of on-street parked cars as a form of passive control by means of a 7 numerical modelling investigation [20] . The study examined a series of different parking layouts The solver used to simulate the turbulent flow of air in the street canyon models was the large eddy 8 simulation (LES) turbulence model. The numerical modelling of air pollutant dispersion using CFD 9 has been carried out by previous investigators commonly using either the k-ε turbulence model [12, 10 26, 27] or the LES turbulence model [5, 20, 28 ]. The LES model was used in this investigation 11 rather than k-ε model due to a more complex geometry at street level in a typical street canyon [28, 
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Where ρ is the density of the fluid and u is the velocity and:
Where µ is the viscosity of the fluid and P is the pressure; σ ij is the stress tensor due to molecular 6 viscosity, given below; τ ij is the subgrid-scale stress given: 
Model Preparation & Mesh Discretization
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The generic canyon models were constructed using Gambit v2.3, a CFD model development and Table 1 . The results identified the allowance for a reduction in iterations over time to 22 reduce the cumulative running time of the models. A reduction in the number of iterations was M A N U S C R I P T
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11 considered adequate when a convergence level of over 99.99% (values less than 0.01% in increases in the differences between the model configurations was noted at a child height of 1.00m.
20
The percentage reduction in pollutant concentration ranged from 24% for a H 1 /H 2 ratio of 0.5, to an 21 increase of 2% for a H 1 /H 2 of 1.1 and a maximum reduction of 30% for a H 1 /H 2 of 1.5. On the windward footpath, the results (displayed in Fig. 6 
Footpath and Central LBW Layouts
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The comparative results for the footpath and central LBW configurations are shown in Table 2 from 12% (H 1 /H 2 of 1.0 at 1.76m height) to a maximum of 50% (H 1 /H 2 of 1.5 at 1.00m height). footpaths at a height of 1.76m for H 1 /H 2 ratios of 1.0 and 0.5, respectively. For the central LBW 10 models, the differences were more significant, ranging from 1% to 106% on the leeward footpath for 11 H 1 /H 2 ratios of 1.5 and 0.5, respectively. (Fig. 7(d) ) in the reference and footpath LBW models, with steady concentration reductions 1 from a H 1 /H 2 of 1.1 to 1.5 ( Fig. 7(f) occurring for both smaller and larger H 1 /H 2 ratios. As the H 1 /H 2 ratio increased from 0.5 ( Fig. 7(a) ) 12 to 0.9 (Fig. 7(c) ), a notable change was identified between a H 1 /H 2 of 0.9 and 1.1 (Fig. 7(d) ) as the 13 lateral (+Z direction) velocity vectors became less prominent and was replaced by a counter 14 clockwise rotational eddy (in XY plane) in the canyon. Between a H 1 /H 2 ratio of 1.1 (Fig. 7(d) ) and 15 1.5 ( Fig. 7(f) ), it can be observed that the introduction of the LBW reduced the pollutant 16 concentration on the leeward footpath and the velocity vectors became more prominent as they 17 transported an increased fraction of pollutants out of the canyon. ratios from 0.5 to 1.5. The pollutant concentrations followed the same patterns in both the reference M A N U S C R I P T
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and LBW models on the windward footpath, with reduced concentrations for an increasing H 1 /H 2 1 from 0.5 ( Fig. 8(a) ) to 0.9 (Fig. 8(c) ), followed by an increase from a H 1 /H 2 of 0.9 to 1.1 (Fig. 8(d) ) 2 and a near linear reduction in the pollutant concentration from a H 1 /H 2 of 1.1 to 1.5 ( Fig. 8(f) ). The leeward LBW models is evident, as the H 1 /H 2 ratio increases from 0.5 ( Fig. 8(a) ) to 0.8 and this is 15 evident in the plot for a H 1 /H 2 of 0.9 ( Fig. 8(d 
Footpath and Central LBW Layouts
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The results from the comparative LBW models provided evidence that the location of the boundary 3 wall can significantly affect the pattern of air flow in and urban street canyon and therefore effect 4 the dispersion of air pollutants at street level. In addition, the results aimed to identify the effect of 5 wind speed on the dispersion patterns of air pollutants in the urban canyons. After comparing the 6 data and the graphical plots of the tracer pollutants in the asymmetrical models, it was identified that 7 two very distinct patterns of air flow occur with different LBW configurations (Fig. 9) . A central 8 LBW (Fig. 9(b) ) creates two distinctive primary eddies as opposed to a single primary eddy created 9 in a footpath LBWs ( Fig. 9(a) ) model, and these vortices are responsible for the transport of 10 pollutants from street level to the roof of the canyon. both LBW models between H 1 /H 2 ratios of 1.0 to 1.5 at heights of 1.00m and 1.76m, respectively. 1 This is due to an increased fraction of clean air transported into the canyon for increasing H 1 /H 2 2 ratios, improving the magnitude and formation of primary eddies in the canyon and transporting 3 pollutant away from the leeward footpath (Fig. 9(b) ). There is a large and consistent reduction in the 4 pollutants concentration of the windward footpath. The results show evidence of the lowest 5 reduction for a H 1 /H 2 of 1.0 (36% to 42%) for all LBW configurations with small increases in the 6 rate of reduction for a H 1 /H 2 of 0.5 (40% to 50%) and the most significant reduction (48% to 64%) 7 evident for a H 1 /H 2 ratio of 1.5. The results of this paper informs those in urban planning and public policy makers on local street 9 canyon dispersion and the effects of introducing passive controls to urban canyons to improve air 10 quality at street level. 
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Research Highlights
• Canyon asymmetry influences air flow and pollutant dispersion in an urban canyon.
• LBWs acts as a passive control to alter the natural air flow patterns in a canyon.
• Two different passive control layouts led to distinct vortex and air flow patterns.
• Wind speed influences the formation of vortices in a canyon. M A N U S C R I P T M A N U S C R I P T 
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